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ABSTRACT 

The Yearly Summary Report on the work, performed under 

Contract AF33(657)-11289, Phase II, briefly describes the object- 

ives of this investigation«! A discussion of the test program,.- select- 

ion of test materiala.aitd brief description of tfee- test specimens and 

testing apparatus is given»  Tl*e test results obtained to date are pre- 

sehleä"""ai>d discussed«  We- test data include tensile, notched tensile, 

weld tensile,axial fatigue,and crack propagation properties of 7039-T6 

aluminum alloy, 18?» nickel maraging steel, Hastelloy B, and 718 nickel 

base alloy from 75* to -423,Fo  Plans if or future work, -ineludiag -a --^g? 

^program—sehedttfe are given. 
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lo INTRODUCTION 

The progress made under Phase II of the subject contract from 

15 May 1963 to 15 May 1964 is presented«  This program is a continuation 

of Contract AF33(657)-7719; therefore the reader is referred to the final 

reports (References 1 and 2) on the original programs for background 

informationo 

The primary objective of the original contract was to develop t' 

simple laboratory-type tests to evaluate the toughness of several high- 

strength sheet alloys and the resistance of compler welded joints under 

repeated axial loading at cryogenic temperatures„  Such tests nay be 

used to screen candidate materials, evaluate newly developed engineer- 

ing alloys, and serve as inspection and quality control tests to assure 

that sheet alloys having the requisite fracture resisting qualities are 

employed in critically stressed structures«  A secondary objective of 

the program was to acquire useful engineering data on the mechanical 

properties of a number of high-strength sheet materials for advanced 

missile and space vehicle applications«  The data obtained under the 

original contract have shown the value of the notched tensile test for 

screening candidate structural materials«  Also, the engineering data 

have been extremely beneficial to the government and to industry as 

witnessed by the large amount of interest shown in the program« 

The objectives of the present contract are threefold: to evaluate 

the toughness and fatigue resistance of complex welded joints of several 

high strength alloys of interest for aerospace applications; to acquire 

data useful to design and materials engineers on the mechanical properties 

of these alloys from 75*   to -423*F; and to obtain quantitative fracture 
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toughness data, ia the presence of cracks or defects, on material« 

which have been found by screening tests to be promising for structural 

applications. 

More than seventeen hundred tests have been completed to date. 

Details of the test program, materials, specimens and apparatus are 

discussed in addition to a sumiuary of the present test results« 



^ 
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2„ TEST PROGRAM 

The test program consists of two parts: mechanical property 

testing and fracture toughness testing» 

Mechanical property testing includes the determination of the follow- 

ing properties for 7039 aluminum, 18%  nickel steel, and Hastelloy B and 

Inconel 718 nickel base alloys: 

Yield strength (0o2%  offset) of parent material 

Ultimate tensile strength of parent material 

Elongation of parent material 

Notched tensile strength (K^ of 603) of parent material 

Notched tensile strength (K^ of 21) of parent material 

Ultimate tensile strength and elongation of fusion welds 

Tensile and shear strengths of spot welds 

Axial fatigue resistance of complex welded joints 

(cycled from 0 to 75, 85 and 95%  of typical yield strengths 

in order to develop the low cycle portion of the S-N diagram) 

The fatigue and static tests of complex welded joints are being 

performed at 75'', -320* and -423*F, whereas all other mechanical prop- 

erty tests are conducted at 75',   -100°, -320°, and -423,F„  Also hardness 

and magnetic determinations, calculations of elastic moduli and proportional 

limits and metailographic studies are being made.  The mechanical prop- 

erty tests were conducted in the same manner as was used for specimen 

testing in the original program (References 1 and 2)* 

Fracture toughness tests are being conducted on nine high strength 

engineering sheet alloys»  Basic fracture toughness (Kc) and strain energy 

release rate (Gc) data are being developed at 75, -320, and -423
,F for 
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both the longitudinal and transverse directions.  From these data critical 

crack lengths are plotted as a function of stress and temperature.  The 

rate of crack growth under static loading is determined during the above 

mentioned tesxst,  The rate of crack growth under cyclic loading is being 

determined at 75, -320, and -4230F at three different stress levels»  The 

stress levels are at very high proportions of the yield strength or maximum load 

carrying ability (60, 75 and 90%)   of the specimen since it is the high stress 

levels which are of most interest to the design engineer of modern aircraft, 

missiles, and space vehicles.  Incorporation of the initial crack length 

and crack growth rate data will give the design engineer the most quantitative 

laboratory test data available for selecting the optimum material for 

cryogenic structural appi ...ationSo  In addition to the above testing, an 

investigation is underway to study the effects of: 

Specimen width 

Initial crack length 

Material thickness, and 

Loading rate 

on the fracture toughness (K.) and strain energy release rate (G ) prop- 

erties o  Fracture toughness tests are being conducted in the same manner 

as was used in the original program (Reference 2)a 

All tests are performed in replicate (minimum of five acceptable 

tests)o  The total number of tests required under the program is 3320, 

although a considerably larger number of tests are being conducted in order 

to understand and interpret the test results,, 
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3„ TEST MATERIALS 

The materials selected for study include 2219 and 7039 aluminum, 

type 304 stainless steel and 1854 nickel maraging steel (250 grade), Hastelloy 

B, Rene^l and type 718 nickel base alloys, and Ti-5Al-2o5Sn ELI and 

Ti-6A1-4V ELI   titanium alloye,,  These materials were chosen for immed- 

iate study because of many reasons:  1)  They represent alloys which are 

currently being used in the construction of missiles and space vehicles or 

are presently being proposed or considered for use in missile and space 

craft production»  2)  These alloys represent two fundamentally different 

methods of obtaining their high strengths»  These are cold-rolling (304 

S.S», Hastelloy B and Ir mel 718) and heat-treatment (2219 and 7039 

aluminum alloys, Rene 41, 18% nickel steel and type 718 nickel base alloy),, 

The titanium alloys will be tested in the annealed condition«,  3)  These 

materials cover a wide range of resistance to brittle fracture, particularly 

at cryogenic temperatures»  4)  The alloys are commercially available at 

a reasonable cost and may be fabricated (formed, machined, welded) for 

structural applications»  5)  A large amount of service data are available 

on most of the materials»  6)  Previous investigation (at GD/Astronautics 

as well as at several other cryogenic testing laboratories) have shown 

these materials to be the most promising for sub-zero temperature appli- 

cations,  7)  There is a large amount of metallurgical knowledge available 

which is beneficial in understanding and explaining the results of the test 

data» 

All of the materials to be used in this investigation have been de- 

livered and fabricated into test specimens»  History and chemical analysis 

of the test materials is given in Table 1» 
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4„ TEST SPECIMENS 

The test specimens being used in this investigation for the determin- 

ation of mechanical properties include the following: 

Unnotched tensile (for parent metal and fusion welds) 

Notched tensile (Kt of 6o3 and 19) 

Spot weld tensile and shear 

Complex welded joint (for static and axial fatigue tests) 

These test specimens are the same as those used in the original investiga- 

tion, and full details of the specimens, configurations and dimensions may 

be found in Reference lo 

The test specimens being used for fracture toughness testing are 

center notched specimeur .vith widths of 2, 4, and 18 inches.  Notch lengths 

vary frosa 0o60 to 5o50 inches«  For purposes of studying the effects of 

material thickness, notch length and loading rate on the crack propagation 

of high strength sheet materials, a large number of the four inch wide 

specimens are being fabricated with various material thicknesses (0,015 to 

0,125 inches) and notch lengths (0,25 to 1.75 inches).  The specimens were 

designed so that slow crack growth would occur prior to onset of rapid 

crack propagation.  Whenever possible, the suggestions of the Fracture 

Toughness Committee of the ASTM (Reference 3) were used as a basis for 

design of the crack propagation specimens.  To offset the recommended 

width to thickness ratio the use of doublers and end fixtures were used to 

help prevent lateral buckling. 

The procedure for specimen preparation was as follows.  Specimen 

layout and identification was made on the sheet materials.  Specimen blanke 

were then sheared and those specimens requiring fusion or resistance roll 
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sea» welding were welded»  The fusion-weld, spot-weld, and roll-seaa-weld 

schedules are given in Tables 2, 3, and 40  All the welds were visually 

inspected and many were inspected by means of an x-ray examination» 

The specimen blanks were then machined and surfaces prepared for testing 

and then inspected»  Any specimens which were not within the dimensional 

tolerances of the machining prints were discarded»  Doublers were then 

spot welded on the fatigue speciiaens.  Notched tensile specimens were 

measured by means of an optical comparator,.  Smooth tensile, fatigue, and 

crack propagation (for thickness) specimens were measured to OoOOOl inch 

by means of a micrometer,, 

The following progress has been made on specimen fabrication: 

Type 
Specimen 

Tensile 
Notched Tensile 
Weld Tensile 
Spot Wold Tensile 
Spot Weld Shear 
Axial Fatigue 
Crack Propagation 

Mnaxmum Number    Number of Specimens     Number 
to be fabricated    in Fabrication        Completed 

220 
440 
350 
360 
360 
280 
1440 
3450 

160 0 
320 0 
160 0 
320 0 
320 0 
240 0 

1350 
2870 

40 
40 

It is to be noted that a significantly larger number of test specimens 

have been or are being fabricated than required by the contract»  This is 

due to two reasons; the fabrication of spare test specimens and the inclu- 

sion of extra tests on the 304 stainless steel and on fusion welds of the 

age-hardenable nickel base alloys.  The latter tests were believed to be 

necessary to interpret the test data and to better understand the fusion 

weld properties» 
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5„   APPARATUS 

The test apparatus consists of four universal testing machines 

(30,000 to 400,000 lb» maximum capacities), four hydraulic test beds 

(50,000 lb» capacity), five liquid hydrogen cryostats, seven liquid nitrogen 

cryostats and accessory equipment such as cryo-extensometers, optical 

measuring systems, temperature recorders, etc.  Descriptions of the 

apparatus for tensile testing may be found in Reference 4, for fatigue 

testing in Reference 1 and crack propagation testing in Reference 2a 
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60 EXPERIMENTAL RESULTS 

Tensile, notched tensile, and fusion weld tensile data on Type 

304 stainless steel, 18% nickel steel, Hastelloy B, Type 718 nickel alloy and 

7039-T6 aluminum are reported in Tables 5, 6, 7, 8 and 9, respectively. 

These tables include 0„2 per cent yield strengths, tensile strengths, elong- 

ations, proportional limits, elastic moduli, hardness values of fractured 

specimens, notched (K^ of 6.3 and 19) tensile strengths, fracture toughness 

(K), and notched/unnotched tensile strength ratios on the parent metal and 

tensile strengths, elongations, hardness values, and joint efficiencies 

of butt fusion welded specimens.  The data are reported for four test 

temperatures: 75°, -100°, -320°, and -423*^0  The stress concentration 

factor (K.^) of each individual notched specimen was calculated and is 

reported in parenthesis with the notched tensile data.  The fracture 

, , 2       2 
toughness (K) values were calculated from the equation K = TT a a , where 

a is one-half of the initial crack (notch) length and a  is the gross stress 

(Refo 8).  It should be noted that the fracture toughness values reported 

in Tables 5 through 9 were calculated from initial crack (notch) lengths 

and not the critical crack lengths (the crack lengths at onset of rapid 

failure).  Therefore, the values reported are K values, not Kj, values, 

and as such are generally conservativeo 

Cross-tension and tensile-shear strengths and resulting tension/shear 

ratios obtained on individaul resistance spot welds are reported in Tables 

10 through 14.  Tests were performed at 75°, -100°, -320* and -423''F on 

Type 304 Stainless Steel, 18%  nickel maraging steel, Hastelloy B, Type 

718 nickel base alloy and 7039-T6 aluminum. 
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The high-stress, low-cycle fatigue data on 189^ nickel aiaragiag 

steel, Hastelloy B, Type 718 Nickel alloy, 7039-T6 aluminum and Ren« 41 

alloys are reported in Tables 15 through 19,,  Fatigue tests were performed 

at 75*,   -320*  and -4230F. 

Results of a statistical reduction and analysis of the yield and 

tensile strength data on parent metal, tensile strength data on simple 

butt fusion welds, and cross-tension and tensile-shear data on individual 

resistance spot welds are given in Tables 20 through 23.. 

The results of crack propagation tests are reported in Tables 24 

through 45o  Crack propagation tests were conducted at 75*   and -320*Fo 

Data reported include initial and critical crack lengths, critical loads, 

gross and net stresses, fracture toughness (Kc), and strain energy release 

rate (Gc) values.  Tables 24 through 31 report the basic crack propagation 

data on Type 304 stainless steel, 18% nickel maraging steel. Type 718 nickel 

alloy, Hastelloy B, Rene 41, 7039~T6 and 2219-T81 aluminum, and titanium 

6A1-4V ELI alloy.  Tables 32 through 34 give the results of a study on the 

effect of initial notch length on the crack propagation properties of 

Type 310 stainless steel, Type 718 nickel alloy and 2219-T81 aluminum alloy» 

The effects of specimen width on the crack propagation properties of Type 

304 stainless steel, 18%  nickel maraging steel, Type 718 nickel alloy, 

Hastelloy B, Rene 41, 7039-T6 and 2219-T81 aluminum, and titanium-6Al-4V EJLI 

alloys are given in Tables 35 through 42.  Tables 43 through 45 give the 

results of a study on the effects of loading rate on crack propagation 

properties of Type 310 stainless steel, Type 718 nickel, and 2219-T81 

aluuinuB alloys. 

10 
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70 STATISTICAL ANALYSIS OF DATA 

A statistical analysis was performed on the alloys tested in 

this investigation«  Results of the statistical analysis are reported 

for Fty, F-tu' and weld tensile strengths for both the longitudinal and 

transverse directions, and cross-tension and tensile-shear strengths of 

individual resistance spot welds.  The data for each of the test temper- 

atures were analyzed«, 

Mean values, standard deviations, and 90- and 99-per cent probability 

(with 95-per cent confidence) values were obtained for the particular heats 

and lots of materials tested.  The 90- and 99-per cent levels employed hereis 

statistically correspond, respectively, to the "B" and "A" values as discussed 

in MIL-HDBK-5, March 1959 (Reference 5),  The "B" and "A" values are not 

considered to be material design allowables because only one heat or lot of 

each material was tested which probably would not be fully representative of 

all material produced to the same specifications,,  Therefore, the 90- and 

99-per cent levels may be considered to be "B" and "A" design allowables 

only for the particular heats tested,, 

For the purposes of this report, an "A" value will be considered to be 

that level which would be exceeded by at least 99 per cent of the population; 

i.e., the confidence is 95 per cent that 99 per cent of all the test data, 

for each test condition obtained from the tested heat and coil of material, 

would exceed "A" value.  The "B" value is similarly defined for 90-per cent 

probability and 95-per cent confidence.  The material property data were 

analyzed independently for each test condition.  For Ft , Ftu, and weld 

tensile strength, five test values were analyzed for each combination of three 

11 
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Materials, two grain directions, and four temperature«»  For spotwelä 

tensile and shear strengths, twenty test values were analyzed for each 

combination of four materials and four temperatures.  In each case th«t 

sample standard deviation (S) was calculated from the following equation 

(Refo 6)0 

(x^x)2 

1=1 

N - 1 

Where 

N= number of test values, 

Xi = test -values, and 

N 

N  2_. Xi 

i=l 

The "A" and "B" values were evaluated by subtracting from X the product ks, 

where k is the applicable probability tolerance factor as follows: 

X B= X - kBs 

XA = X - kA8 

Reference 7 contains tables of the one-sided tolerance factors for the 

normal distribution at the desired levels of probability and confidence. 

The assumption of normality in the analyses is justifiable on the basis of 

the small sample sizes.  Previous investigations of strength properties 

having large sample sizes indicate that the distribution functions ara often 

12 
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■lightly non-normal.  In «any cases, the log-normal distribution best 

describes the total population due to the influence of specification 

minimum requirements, quality control, etc.  However, the use of non- 

normal distribution functions with small sample sizes where the population 

distribution is not definitely known may lead to erroneous results.  The 

nowmal or Gaussian distribution function was therefore adopted for the 

analysis of the data herein. 

The data were coded for and analyzed on an IBM 7090 digital computer. 

The results of the statistical analysis are presented in Tables 20-23°  Included 

in Tables 20-23 are the means, standard deviations, and "A" and "B" valueso 

An effort was made to indicate possible mieieadxng values resulting from the 

statistical study»  In general, for mechanical property data of engineering 

materials, the "A" value should exceed 80 per cent of the mean,,  Those "A" 

values given in Tables 20-23 which did not exceed 80 per cent of the mean 

are indicated by means of an asterisk.  There are several possible explanations 

for the large standard deviations, and thus low "A" and "B" values, for the 

cases noted»  There may have been too few of a number of test values, in 

which case additional testing would have to be performed to obtain better 

estimates of the population parameters»  It may be that even with additional 

testing the dispersion of the data would remain large, in which case, it is 

possible that the data are not definite enough to permit a reasonable statis- 

tical evaluation»  Large standard deviations may also be a result of the 

material, fabrication of the test specimen, or testing equipment and pro- 

cedure.  A more detailed discussion of standard deviations and design allowable 

values is given in Reference 1 and 2. 

13 
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It is again emphasized that the "A" and "B" values 

as given in Tables 20-23 are not intended as design allowables for the 

materials but are, as defined previously, probability values based upon tests 

from one lot or one heat of each materialo 

*-.„ 

14 
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80 DISCUSSION OF KESULTS 

8.1 Mechanical Property Data 

The mechanical property test data are reported in Tables 5 through 

23»  These tables include tensile, notched tensile, fusion weld tensile, 

spot weld tensile and shear, and axial fatigue data at room and cryogenic 

temperatures also, the results of a statistical analysis of these data are 

given»  Tests were performed on Type 304 stainless steel, 18% nickel 

oaraging steel, Hastelloy B, Type 718 nickel base alloy, and 7039-T6 

aluminum alloy.  In order to provide maximum clarity, the results will 

be discussed separately for each of the alloys. 

Type 304 Stainle   Steel - The properties of 50%  cold rolled type 

304 stainless steel were previously reported (Reference 1)o  However, 

there was an insufficient quantity of this material for the required fracture 

toughness testing.  Therefore, another heat of material was procured, this 

time in the 70%  cold rolled temper to make the strength/density ratio more 

competitive with that of cold rolled types 301 and 310 stainless steels (data 

reported in References 1 and 2)0 

Table 5 presents the mechanical property data on base metal, butt 

fusion welds and overlap resistance seam welds.  These properties include 

yield and tensile strength, tensile elongations, proportional limits, 

elastic moduli, hardness and magnetic measurements,( the magnetic measuremeatsi 

to determine the percent of martensite phase present), and notched (K^of both 

603 and 19) tensile properties of the base metal.  Fusion weld properties 

included tensile strength and elongations, joint efficiencies, and hardness 

and magnetic (martensitic) measurements.  Resistance seam weld properties 

included tensile strength and joint efficiencies.  Table 10 presents cross- 

15 
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tension and tensile-shear strengths of individual resistance spot velds. 

The properties listed in Tables 5 and 10 were obtained at test tewperatwres 

of 75», -100«, -320e, and -423'Fo 

The effects of decreasing test temperature on the mecahnical prop- 

erties of the 70% cold rolled material are similar to those for the 509i cold 

rolled type 304 stainless steel (see Reference 1, Table 6, for comparison 

data)»  In general, the strengths, notched strengths and weld strengths, 

Increased with reduction in test temperature.  As would be expected, the 

70%  cold rolled material is stronger than the 50% cold rolled material 

which has 158 KS1 F^.  and 180 KSI F^u at room temperature»  Ductility, as 

measured by total elongation over a two inch gage length, is about the same 

for the two tempers of material»  Notched (K^ of 6o3 and 19)/ unnotched 

tensile strength ratios, which are used as an index of toughness, are sim- 

ilar for the longitudinal direction but are significantly less for the 70% 

cold rolled material in the transverse direction»  This is attributed to the 

greater amount of cold work present»  Properties of the fusion welds 

were similar for the two tempers, showing rather low joint efficiencies at 

room temperature but much improved efficiencies at cryogenic temperatures. 

In addition to the fusion weld data, properties of overlap resistance seam 

welds are included.  These tests were performed to determine if improved 

joint efficiencies could be realized by this type of joint (an overlap resis- 

tance roll seam weld plus two rows of individual resistance spot welds as 

described in Reference 1 make up the typical transverse type of joint)»  As 

«ay be seen in Table 2, joint efficiencies are greater at roo« temperature 

for resistance seam weld joint than for the fusion weld joint; however at 
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-423*F, the reverse is true.  Data on individual resistance spot weld» (Table 

10) show that the 70%  cold rolled material possesses lower tension/shear ratio» 

for the spot weld tests than does the 50% cold rolled material«,  This data, 

as well as the lower notched/unnotched tensile strength ratios in the 

transverse direction indicate that this particular heat and temper of type 

304 stainless steel is not quite as tough as the 50% cold rolled material eval- 

uated previously«  It is believed, however, that this heat of 70% cold roiled 

type 304 stainless steel is sufliciently tough for structural applications 

at -4230Fo  Fracture toughness data on Type 304 stainless steel is presented 

in Table 24 and is discussed in the next section,, 

18% Nickel Maraging Steel-  The mechanical properties of 18% nickel 

maraging steel (250 ksi strength grade) at room and cryogenic temperatures 

are given in Tables 6, 11 and 15.  The material was evaluated in the aged 

condition (900oF, 3 hr., A.Co)o  The room temperature yield and tensile 

strengths are slightly greater and the elongation somewhat less than typical. 

for this grade of sheet material (References 9 and 10)o  As would be expected, 

yield and tensile strengths increase with decrease in testing temperature. 

Also, proportional limits and elastic modulii increase at cryogenic 

temperatures»  Elongations, however, suffer a   decrease.  Notched tensile 

strengths (for both Kt of 6»3 and 19) increase from 75° to -100
0F and then 

decrease from -100° to -320oF.  From -320° to -4230F, there is a very large 

decrease in notched tensile strengths»  The resulting notched/unnotched 

tensile strength ratios, which are used as a measure of toughness, indicate 

a slight decrease in toughness at -320oF and a very significant decrease in 

toughness at -423<Fo 
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Properties were obtained on fusion welds in two conditions.  The 

first condition reported in Table 6 is for butt fusion weldments in aged 

material with no post welding treatment.  The second condition (labeled 

aged weld in Table 6) consisted of butt fusion welding solution treated 

material followed by aging of the material and weldmento  As expected, 

higher joint efficiencies are possessed by the aged weldments (second 

condition).  However, slightly greater elongations are shown by the 

unaged weldments which also show continuous increases in strength from 

75* to -423,F, whereas the aged weldments decreased in strength from -32ü* 

to -423'F«  As discussed in references 1 and 2, a decrease in weld strength 

with reduction in test temperature is believed to be indicative of a decrease 

in toughness. 

The tensile and shear properties of individual resistance spot welds 

of aged 18% nickel steel sheet material are given in Table 11o  These test 

data also indicate a decrease in toughness at cryogenic temperatures, 

particularly at -423"^, since cross-tension strengths decrease from -320" 

to -423,,F and because the tension/shear ratio decreases significantly at 

-320* and 423<,F„ 

The axial fatigue properties of complex welded joints of 18% 

nickel steel are given in Table 15,,  The test data include the results of 

static and repeated loading tests at 75°, -320° and -423*Fo  The static 

test results show that the complex weld joints for both the longitudinal 

and transverse types of joints possess about 90% joint efficiency at room 

temperature and at -320'F<,  However, at -4230F, the joint efficiencies are only 

about 70-75% at -423*F.  This is an indication of embrittlement of the joint 

at -4230Fo  The number of cycles to failure during repeated loading, with stress 
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l*v«ls of 75, 85 and 85% of the static joint strength, arc «iailar for 

th« 75*  and -320mF  tests.  Repeated loading tests at -423,r are ineoiaplet«„ 

The results of the mechanical property testing on the 18%  nickel mt®%l 

indicate that this alloy possesses good strength and toughness properties 

at 75*  and -lOO'Fc  Strengths continue to increase at -320» and -423,F; 

however toughness is impaired at these temperatures, particularly at •-423#Fo 

It is believed, on the basis of the present results, that the 18%  nickel 

■uaraging steel, 250 ksi grade in the aged temper, is sufficiently tough 

for structural applications from 75* to -3200F, but is not acceptable for 

use at -423»Fo 

Hastelloy B - The mechanical properties of 40% cold rolled Hastelloy 

B sheet isaterial at room and cryogenic temperatures is given in Tables 7, 12, 

and 16e  Interest was aroused in this alloy as a result of some tests per- 

formed early in the cryogenics test program at General Dynamics/Astronautics 

which showed this material to have fairly high room temperature strengths 

combined with excellent low temperature toughness (Kefo 11) <. 

The room temperature yield and tensile strengths and elongation 

values for the longitudinal direction exceed those obtained in earlier tests 

iRefo 11)o  However, no tests were performed on the transverse direction in 

the initial tests, therefore the large amount of directionality which is seen 

here was not previously noted»  The directionality, particularly for the yield 

strengths, remains significant at cryogenic temperatures«  Decrease in 

test temperature from 75* to -4230F results in continuous increases of the 

yield and tensile strengths, proportional limits, elastic modulii, elongationa 

and notched (both for K+ of 6o3 and 19) tensile strengths.  Resulting notched/ 

unnotched tensile strength ratios indicate excellent toughness from 75* to 
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-423»F. 

Properties of butt fusion welds (TIG welds with no post treatment) 

are also given in Table 7»  Weld tensile strengths continuously increase 

from 75" to -4230F with resulting joint efficiencies of 65 to 75%,, 

Elongations are fairly low at all test temperatureso 

The tensile and shear properties of individual resistance spot welds 

at room and cryogenic temperatures are given in Table 12«  Both the cross- 

tension and the tensile-shear strengths continuously increase from 75* to 

-423#J,o  The tension/shear ratio is fairly low at room temperature, but 

remains constant to -423<>Fo  These data, as well as the notched tensile 

and fusion weld tensile data, indicate that 40% cold rolled Hastelloy B 

possesses excellent toughness from 75* to -423sFo  Static tests on the complex 

welded joints of Hastelloy B (Table 16) show continuous increases in the 

joint strength from 75° to -4230Fo  This is another indication of the alloys 

good low temperature toughness»  The repeated loading tests are presently 

being conducted,, 

Type 718 Nickel Alloy- Recent tests on type 718 nickel base alloy 

in aged and cold rolled and aged tempers have indicated that this alloy 

possesses very high strength properties combined with excellent low temp- 

erature toughness (Heferences 12 and 13)«  Therefore type 718 was evaluated 

in the highest strength temper (30% cold rolled plus aged) that was commer- 

cially available«  The mechanical properties are given in Tables 8,13, aad 

17« 

As may be seen, this material possesses good strength, ductility and 

toughness properties from 75° to -4230F„ Yield and tensile strengths, 

proportional limits, elastic modulil, elongations, and notched tensile strengths 
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iacreaae trom  75* to -423*F,  Resulting notched/unnotched tensile strength 

ratlos indicate excellent toughness to -423*Fo 

As was done with the 1854 nickel steel, two different types of fusion 

weldments were evaluated for the 718 nickel base alloy.  The first type 

consisted of butt fusion welding the cold rolled and aged material with 

no post welding treatment.  The second type consisted of welding the cold 

rolled material followed by aging (1250*¥t   8 hr., FC 20
,F/Hr to 1150*F, 

hold for total of 18 hrs„ aging time, FC) after welding.  Significantly 

Higher tensile strengths, and thus higher joint efficiencies, were obtained 

for the aged weldments.  Fusion weld tensile strengths increased with 

decrease in test temperature for both types of fusion welded joints. 

Elongation values were low at all test temperatures for both the as welded 

and aged weldments.  There was no indication of an appreciable decrease 

in toughness with reduction in test temperature. 

The properties of individual resistance spot welds in cold rolled and 

aged type 718 nickel alloj sheet material at room and cryogenic temperatwres 

are given in Table 13.  Cross-tension strengths increased from 75' to -320,F 

and decreased slightly from -320° to -423,Fo  Tensile-shear strengths 

increased from 75° to -4230Fo  Resulting tensile/shear ratios decreased from 

75* to -423*F; however the values were very high (0.50 to 0.65) at all test 

temperatures.  The slight decrease in tension/shear ratio may be indicative 

of some decrease in toughness; however the very high values would seem to 

indicate, as did the notched tensile and weld tensile data, excellent toughness 

of this alloy from 75° to -4230F„ 

The static and fatigue properties of complex welded joints of the 

cold rolled and aged type 718 nickel alloy are given in Table 17,  There is a 

continuous increase in the static joint strengths from 75* to -423,F. 

21 
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K«p«at«d loading teats Indicate this alloy possesaea excellent tougimesa at 

-SaO^F.  Fatigue testa at 75* and -423»F are in progress, 

7039 AliwiniMi Alloy- One of the recently developed weldable 7000 

series alwainua alloys, 7039, was evaluated in the artificially aged (-T6) 

temper.  Mechanical properties at room and cryogenic temperatures are given 

in Tables 9, 14 and Xti<,     Room temperature properties are typical of the 

alloy»  Yield and tensile strengths, proportional limits, elastic modulll, and 

notched (Kt= 6o3) tensile strengths continuously increased from 75• to 

-423*F<,  There was, however, only a very small increase in the notched tensile 

strengths from -320° to -423*F so that resulting notched (K+= 6»3) unnotched 

tensile strength ratios decreased considerably from -320° to -423,Fo  The 

sharp notched (K^.= 19) tensile strengths increased from 75° to -100oF and 

and then decreased from -lOO'F to -320,F, with a large decrease in the 

notched (K^. ■ 19) / unnotched tensile strength ratios from -100* to -3200Fo 

Elongation values continuously increased from 75* to -320>F and then decreased 

from -320° to -4230F„  The elongation and notched (Kt=6o3) data indicate that 

7039-T6 is tough at -320oF but decreases in toughness at -423"F, whereas the 

sharp notched (K^.=19) data indicate a severe decrease in toughness from -100® 

to -320,Fo 

The tensile strengths of fusion welds continuously increase from 

75" to -320,F and then decrease from -320° to -423eF<.  Resulting joint 

efficiencies remain quite high to -320<>F but undergo a severe decrease 

at -423*Fo  Weld elongations remain rather uniform from 75* to -320° and 

then decrease sharply from -320'' to -4230F<.  These data seem to indicate 

that 7039-T6 weldments remain tough to -320"F but experience a severe 

decline of toughness from -320° to -423''Fo 
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The properties of Individual resistance spot welds ef 7039-T6 sheet 

Material are given in Table 14, Cross-tension strengths and tenisile/sbear 

ratios continuously decline from 75* to -423*F, The largest decrease i& 

the tension shear ratio results from -100* to -320*Fo These data indicate 

that the toughness of 7039-T6 decreases with decrease in test temperatui e, 

particularly between -100* and -320<1F<, 

The results of static and repeated loading tests on large, butt fusio-- 

welded joints of 7039-T6 aluminum from 75* to -423° are given in Table 18« 

AS »ay be seen from the test data, there is little or no increase in joint 

strength with decrease in test temperature«  Also, there is a large amount of 

scatter in the test results for the repeated loading tests at -320* and ~42v> 

These data are indicativ  of decreased toughness at -320° and -423*F for the 

7039-T6 aluminum alloy« 

Rene 41 Alloy- The results of static and repeated loading tests on 

complex welded joints of Rene 41 alloy are given in Table 19,  Test data on 

transverse joints at 75°, -3200, and -4230F are reported,,  These tests were 

performed to complete the fatigue test data on the Rene 41 alloy»  The fatig« 

test data for the longitudinal joints are reported in Reference 2,As was true 

the longitudinal test data,the static and repeated loading data for the 

transverse joints indicate Rene 41 possesses good low temperature toughness,. 
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8.2 Crack Propagation Data 

Fracturo Coacopt 

The Most popular fracture concept used at present was principally develop- 

ed by Irwin.  This concept is closely related to Griffith's theory, but 

having an iaportant difference in that the rate of energy dissipation is not 

assumed to be a constant in Irwin's Theory.  The Irwin, or generally called 

the fracture «echanics, concept, analyzes the fracture in terms of the locally 

elevated stress field around the crack tip.  Its connection to the Griffith 

concept is shown later by a relationship between the strain energy release rate, 

denoted by G, and the stress intensity factor, designated by K, near the crack 

edge.  K is essentially a scale factor which denotes the magnitudes of the 

stress at a given point ahead of the crack tip.  The relationship between 

K and G is: 

o 
K  = EG (for plane stress) 

K — Er - sH   (for plane strain) 
1- 

where     E = Young's modules 

and    iJ  = Poisson's ratio 

K can be calculated from: 

K = <T I W Tan JES 

where (J  - Gross stress at the end of the specimen in ksi 
S 

Cf-  = Applied load divided by the gross cross-sectional area 

of the specimen. 
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W B Width of »pecimon in inche«. 

• s Instantanaous crack length (inches), 

corresponding to (Jli 

thus G can be expressed by: 

fr     W tan ZL*  , EG 

or 

/  EG ~ 

] W tan ^ 
Or 

■iia 

W 

If   tan  S a     is replaced  by   71 a     for  the   first  approxiaation, 
W -f" 

the above equation becomes 

f- crg = /_JS. 
7t a 

which has the form of the original Griffith equation. 

At the on-set of unstable fracturing or rapid crack propagation 

the stress intensity factor attains a critical value Kc which is directly 

related to Gc«  The critical stress intensity factor K.c can be calculated 

by the following equation: 

Kc= C^c j W tan ™*c 
W 

where 

Kc = critical crack intensity factor in the ualta of ksiyin, 

CJgc= critical gross stress applied at the end of the tensile 

specimen at the onset of rapid crack propagation, in the 

unit of ksi. 

or 

Q'gj.ü critical load divided by gross critical cross-section 

W = width of the specimen in inches» 
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*c « half of th« critical crack l«ngth in inches 

In th« «quationa for calculating th« normal or critical mtremm  intcnaity 

factora, K or Kc, plastic deforauttion at the crack tip ia not included. 

Irwin proposed th« use of the plaatic zone aiz« at th« crack tip to 

correct for the plastic deformation in the fracture intensity factors, 

K or K »  However the equation without the plastic flow correction is a 

little more conservative« 

It has been found experimentally that for low and moderate 

values of crack length (2a) to specimen width (W) ratio ( 22— < 0=35) th« 

stress in the unnotched region would be the same as the average applied 

stress,CT^o  However, when =2—  is appreciable (>>0„35) the average stress 

level in the uncracked region will approach the net fracture stress, Crno 

Then the net fracture stress, or the net section stress, (J , becomes very 

useful»  The net fracture stress (T may be calculated from the following 

equation: 

n   t(W-2a) 

where 

0* = net fracture stress, ksi n 

p = applied load in 1,000 lbs« 

t = thickness of specimen in inches 

At critical load, Pc, one has 

Crnc= t(W-2.c), 

where 

(J"  « critical net fracture stress, ksio 

Although Gc has been used as a scale for comparison, or selection, of 

toughness of th« naterials, both Gc and Kc are sensitiv« to teat temperature. 
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width and thickness of the specimen, initial crack length and load rate or «trea« 

rate.  The effect of initial notch  lengths on Kc & Ge of «ost of the 

Materials studied in this investigation are listed in Tables 32 through 

34, the effect of specimen width, in tables 24 through 31 and tables 35 to 

42 and the effect of load rates in tables 43 through 45» 

Fracture testing is performed with center slotted specimens which 

have 30% to 40% of specimen width and are loaded in tension in a universal 

tensile testing machine»  This is called the static testing of crack 

propagation,.  Crack extension is measured up to the on-set of rapid 

crack propagation»  The initial length of the man-made crack is machined 

such that some amount of slow crack growth would occur before the on-set 

of rapid crack propagation..  The only test data which is needed to be taken 

ia the instantaneous load and corresponding crack lengths.  These data 

will be used to calculate Kc» Gc and (J^«  The load rate in the tests was 

OoOlS in/min, if it is not specified otherwise,, 

Static Tests 

Test results of static crack propagation in the following 

two general categories will be discussed briefly in this section: 

(1) Crack propagation properties at 750F and -320^ 

(2) Effect of specimen geometry, (initial notch length and width) and test 

condition (loading rates at 75'F  and -320,F)o 

Table 24 through 31 shows the crack propagation properties (Kc and Gc ) 

in both longitudinal and transverse grain directions, and at test temperature 

of 75'V  and -320«Fo 

Generally both Kc and Gc in longitudinal grain direction are 

higher in magnitude than that in transverse grain direction at the same 

test temperature, except Kc &  Gcfor titanium-6Al-4V at -320^ and Gc for 

27 



s 

R»port No. GD/A «3-0818-3 

Umum  41 at 75* (T and (T are higher too, in ■agnltude, in longitadinal 

grain direction than in the transverse except for <7l at -320*F for Ti-6A1-4V and 

CTg at 75*F for Rene/41. 

When temperature is lowered from 75*F to -320*F, Kc and Gc increase except 

for the tltaniua 6A1-4V alloy in the ELI grade, 7039-T6 alumimui alloy and the 

18% Ni naraging steel a  The critical loads for these three metals are lower 

in value at -320,F than at 75° F, but the critical crack length at -320,F are 

about the same or longer than that at 75'Fo  Therefore these three metals are 

less tough-resistant to fracture at 320oF than at 75,,F according to the data 

thus  far available» 

In the results of the effect of initial notch length from 0o75" to 

1„75" (table 32 to table 34), at both 75<,F aod -320oF, both Kc and Gc 

decrease in magnitude with the increase in initial notch lengths.  This 

is of course attributed to the decrease in critical load and increase 

in critical crack length« 

Tables 24 through 31 and tables 35 through 42 show the effect of 

specimen width from 4 inch to 2 inch, for a constant initial notch length 

to specimen width ratio of 30%»  It is observed that the wider the specimen, 

the higher the Gc and Kc, except for the Ti-6A1-4V alloy at -320
,F and 

ia%  Ni maraging steel at both 750F and -320*Fo 

There is no effect of load rates (table 43 to table 45) on Kc and Gc 

for 310 stainless steel at 75' or -320oF.  For the 718 nickel alloy at 

75mF  Kc and Gc are about equal for 0o01 and 1<.0 in/min. load rates but 

lower in value at 10„0  —iB^-  for 750F<,  However for 2219-T81 aluminum alloy 
min, 

K„ and G„ are about the same in magnitude at 1.0 and 10„0  if?° load rates 
c      c mine 

but higher, at OoOl in/min» at 75,F test temperature. 

At -320,F the higher the load rates, the lower the Kcand Gevalues. 

28 



Report No. GO/A 63-081•-3 

This im  conslstantly true for 310 ataialese «teel, 718 «ickel alloy «ad 

2219-T81 aluaumua alloy. 

A better observation for a general trend and a more thorough 

analysis of the test data will be done when the complete data is available. 

More definite conclusions can then be made. 
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Bo FUTURE WORK 

During the next reporting period it im  anticipated that the 

remaining test specimens will be fabricated,,  It is expected that all of the 

aechanical property testing and about 80% of the fracture toughneti« testing will 

be completed by the end of the next quarter»  In addition, metallographic 

studies, hardness determinations, and analysis and evaluation of the test 

data will be made«  Primary emphasis will be placed upon the analysis of 

the crack propagation data in order to help define the effects of temperature, 

specimen configuration, material thickness, loading rate, etc. on the fracture 

toughness characteristics of high strength sheet materials»  The program 

schedule is given in Figure 1«. 
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Table 1, HISTORY AND CHEMICAL ANALYSIS OF TEST MATERIALS 

Alloy 
Type 304 
Stainless Steel 

16%  Nickel 
Maraging 
Steel 

Rene 41 
Nickel Alloy 

Hastelloy B 
Nickel Alloy 

718 
Nickel 
Alloy 

Temper 70S cold rolledi Aged OOO'F, 
3 Hr.,A.C.) 

Aged(1400«F, j 
16 hours) 

40%  cold 
rolled 

30% 
cold 
rolled + 
aged 

Gage (in.) 0o020 0.025 0.020 0,020 0,025 

Supplier Allegheny-Lud- 
IUB Steel Corp« 

Latrobe Steel 
Company 

Union Carbide 
Stellite 

Wallingford 
Steel Co, 

Hunting- 
ton, Dir. 
of INCO 

Heat No» 94997 C568S8 T2-8259    i B3-2330 6807EV 

Specification GD/AO-71004 Latrobe 
Marvac 18 

AMS 5545 - - 

Hardnese (15N) 81.6 85.8 80.0 81.8 84,6 

Chemistry (Wt„?4) 

Al - 0,11 1,50 - 0,35 

B - 0.004 - - - 

C 0.053 0.03 0,10 O.f 1 0.04 

Co - 8.00 11.08 1.04 - 

Cu 0.13 - - 0,05 

Cr 18.44 - 19,27 0.15 18.80 

Fe 

H 

Bal. Bal„ 2,51 4,76 18.84 

- - - - - 

Mn 1.06 0.03 0.006 0,46 0,16 

Mo 0.17 4.75 9.68 26,40 3.12 

N - - - - - 

Ni 9.57 18.34 Bal. Bal, 52.29 

0 - - - - - 

P 0.008 0,004 - O„0Ol ~ 

S 0.015 0.008 0.009 0,020 O.0O7 

Si 0.48 0.05 0.20 0,31 0,32 

Sn - - - - - 

Ti - 0,49 3,23 - 0,85 

V - - j 0,29 - 

Zm - - - j  - - 

Zr - 0,03 - - r 
Cb+Ta i  - | - p.15 
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Takl« 1 (Coat'd.) 

HISTORY AND CHEMICAL ANALYSIS OF TEST MATERIALS 

f 

Alley 
7039 
Alum. Alloy  | 

2219 
Alum. Alloy 

1  
Titanium 
5 Al-2.5Sn 

ELI 

Titanium 
6A1-4V 

ELI 

Tjrpe 310 
Staibleas 
Steel 

Temper -T6         1 -T81 Annealed    1 75* cold 
rolled 

Gage (in.) 0„063       ! 0.063,0.125 0.025,0.050, 
0.090 

0.025 0.010 

Supplier Kaiser Alum. 
Company 

Aluminum Co 
of America 

Repuplic 
Steel Corp. 

Titanium 
Metals 
Corp. of '< 
America 

Washington 
Steel Corp. 

Heat No, ! - 3960420 D-2133 43631 

Specification - Mil A 8920 GD/AO-71010 Internal - 

Hardraess (15N) 59„6 54.3 77.8 

Chemistry (Wt0%) 
Al Bal» Bal. 5.47 6.1 - 

B - - - 

C - - 0.032 0.025 0.25 

Co - - - - - 

Cu 0o06        1 5.8 - - - 

Cr 0.17 - - - 25.00 

Fe 0.15 0.10 0.14 0.13     i Bal. 

H -            i ~ 0.008 0,007 

0.010 

— 

Mg 2.51 0.01 - - - 

Ma 0„18 0.29 0.01 - 2.00 

Mo - - - - - 

N - - - _ - 

Ni - - - - 20,50 

0 - - - 0.11 - 

P - - - - 0,045 

S - - - - 

Si 0.16 Col - - 1.50 

So - - 2.50 - - 

Ti 0.09 0.066 Bal. Bal. - 

V i - - i - 4.1 - 

Zn 1 4.14 - - - - 

Zr - - - - - 

Cb+Ta - 1  - 1 - - - 
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